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ABSTRACT: Peroxygenases are very interesting catalysts for specific
oxyfunctionalization chemistry. Instead of relying on complicated electron
transport chains, they rely on simple hydrogen peroxide as the
stoichiometric oxidant. Their poor robustness against H2O2 can be
addressed via in situ generation of H2O2. Here we report that simple
graphitic carbon nitride (g-C3N4) is a promising photocatalyst to drive
peroxygenase-catalyzed hydroxylation reactions. The system has been
characterized by outlining not only its scope but also its current limitations. In particular, spatial separation of the photocatalyst
from the enzyme is shown as a solution to circumvent the undesired inactivation of the biocatalyst. Overall, very promising
turnover numbers of the biocatalyst of more than 60.000 have been achieved.
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Selective oxyfunctionalization of nonactivated sp3 carbon−hydrogen bonds is a challenge in organic synthesis.
Catalysts exhibiting both high oxidation potential and high
selectivity are rarely found.1 In this respect, so-called unspecific
peroxygenases (UPOs), next to the established P450
monooxygenases and some other nonheme-monooxygenases,2
have attracted considerable interest.3−5 Monooxygenases
generate their catalytically active species through reductive
activation of molecular oxygen. For this, monooxygenases rely
on complex electron transport chains delivering the reducing
equivalents from NAD(P)H to the monooxygenases’ active
sites. This complicates their practical use. Furthermore, quite
frequently, a significant portion of the reducing equivalents is
uncoupled into a futile reaction with molecular oxygen, thereby
wasting valuable reducing equivalents and generating hazard-
ous reactive oxygen species.6
UPOs do not rely on the aforementioned electron transport
chains but rather use simple H2O2 as the oxidant. This makes
UPOs very attractive from a preparative point-of-view. H2O2,
however, is also a potent inhibitor of peroxygenases as already
small excesses oxidatively inactivate the prosthetic heme
group.7 Generating H2O2 in situ through catalytic reduction
of O2 is the most common approach to alleviate the
inactivation issue.8 In essence, these systems provide H2O2
at rates that enable efficient peroxygenase activity while
minimizing the H2O2-related inactivation. These methods
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Scheme 1. Photoenzymatic Hydroxylation of Ethyl Benzene
Combining Heterogeneous Photocatalysts for the Reductive
Activation of O2 to H2O2 with a Peroxygenase-Catalyzed
Oxyfunctionalization Reaction
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comprise a range of chemical,9−15 electrochemical,16−21
enzymatic,22−26 and photocatalytic27−34 approaches.
The latter is particularly interesting as it, in principle, enables
using light energy to access simple sacrificial electron donors to
drive the reduction of O2 to H2O2. To make light energy
available for this reaction, a photosensitizer (or photocatalyst)
is necessary. Both homogeneously dissolved molecular and
semiconductor-based solid material photocatalysts have been
evaluated. While the first often suffer from issues of
photobleaching and inactivation, the latter excel by their
high robustness and reusability. So far, mainly TiO2-based
semiconductor photocatalysts have been evaluated to promote
peroxygenase-catalyzed oxyfunctionalization reactions.
Therefore, we set out to investigate a broader set of
(in)organic photocatalyst systems35 to promote peroxygenase-
catalyzed reactions (Scheme 1).
We chose the selective hydroxylation of ethylbenzene to
(R)-1-phenyl ethanol catalyzed by the peroxygenase from
Agrocybe aegerita (rAaeUPO) as the model reaction.36−39
In a first set of experiments, we evaluated several reported
and/or commercially available heterogeneous photocatalysts
(Figure 1) with respect to their ability to form H2O2;
particularly, we investigated their performance in the
envisioned photoenzymatic cascade transforming ethylbenzene
to (R)-1-phenyl ethanol (Figure 1). It is worth mentioning that
in the absence of the photocatalysts or light, no product
formation was observed. In the absence of rAaeUPO, upon
Figure 1. Performance of several heterogeneous photocatalysts to
promote rAaeUPO-catalyzed oxyfunctionalization, forming phenyl
ethanol (blue) and the overoxidation product acetophenone (red), in
absence (left) or presence (right) of methanol. Conditions: 5 mg
mL−1 heterogeneous catalyst, 50 mM ethylbenzene, 0 or 250 mM
methanol, and 100 nM rAaeUPO in a 100 mM phosphate buffer at
pH 7, 30 °C and stirring at 300 rpm. Illumination by an Osram 200W
light bulb for 30 min. Reactions were performed in independent
duplicates. 1: Au-BiVO4;
40 2: Co3O4 (quantum dots);
41 3:
Co4(H2O)2(W9O34)2;
42 4: Pt-TiO2 (Rutile);
43 5: MnO (on
Faujasite);44 6: Co-TiO2;
45 7: MnO (nanowires);468: Ir@SiO2; 9:
Fe2O3;
47 10: g-C3N4; 11: ZnO (nanoclusters).
48
Figure 2. g-C3N4 as photocatalyst to promote rAaeUPO-catalyzed hydroxylation of ethylbenzene in the absence of external electron donors (blue),
or 250 mM methanol (red) or 250 mM formate (green). (A) Time course of (R)-1-phenyl ethanol formation and (B) time course of acetophenone
formation. From these time courses, parameters such as reaction rate (C), rAaeUPO inactivation rate (D), maximal product concentration (E), and
selectivity (F) were calculated. General conditions: [rAaeUPO] = 100 nM, [ethylbenzene] = 50 mM, [g-C3N4] = 5 mg mL
−1, KPi buffer pH 7.0
(100 mM), 30 °C, magnetic stirring at 600 rpm, illumination by an Osram 200W light bulb. Reactions were performed in independent duplicates.
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prolonged reaction times, traces of racemic product and the
overoxidation product were observed in some cases.
Almost all heterogeneous photocatalysts tested enabled the
desired reaction both in the presence and absence of an extra
electron donor (methanol). However, reaction rates tended to
be significantly lower in experiments where methanol was
absent. In the absence of methanol, it may be assumed that
water was the primary reductant.49 As water oxidation is
thermodynamically more challenging than methanol oxidation,
this explains the generally lower product formation rates in the
absence of methanol. In some cases, significant amounts of
acetophenone were found along with the desired (R)-1-phenyl
ethanol. We attribute this to the oxidation of the desired
product by the photocatalysts.50 Platinum loaded titanium
oxide (Pt-TiO2) and graphitic carbon nitride (g-C3N4) stood
out in terms of product formation rate. For reasons of ease of
preparation, we further focused on g-C3N4 as photocatalyst.
Furthermore, g-C3N4 has previously been reported to be highly
selective for H2O2 over other (partially reduced) reactive
oxygen species.51
Figure 2 shows the overall product formation of g-C3N4
using either water (blue), methanol (red), or formate (green)
as sacrificial electron donor to promote the photoenzymatic
hydroxylation of ethylbenzene. Assumptions made to obtain
the bar-graphs can be found in the experimental section.
From a conceptual and an environmental point-of-view,
water would have been the most desirable source of reducing
equivalents. However, this system fell back in terms of catalytic
rate and selectivity compared with the use of methanol or
formate as sacrificial electron donor. In comparative experi-
ments, illuminating g-C3N4 in phosphate buffer gave negligible
H2O2 formation rates (<1.0 μM h
−1), which more than
doubled to 2.0 (±0.02) μM min−1 upon addition of formate.
Similar observations have been made before for TiO2.
52 Since
g-C3N4 is not an efficient water oxidation catalyst,
52 other
molecules are more likely to serve as reductants in the g-C3N4-
catalyzed reduction of O2. Both ethylbenzene and phenyl
ethanol can be oxidized by g-C3N4.
50 This was evident from
the lower optical purity of phenyl ethanol and the increased
overoxidation to acetophenone.
Another interesting effect of formate was that the robustness
of the overall reaction was significantly higher than when using
methanol or no sacrificial electron donor. We attribute this to
the hydroxyl radical scavenging activity of formate (vide infra).
Methanol oxidation proceeds via methoxy radicals, which again
may be assumed to have a detrimental influence on the
stability of the biocatalyst.29
Overall, formate proved to be a suitable sacrificial electron
donor for the reaction. We therefore systematically investigated
the factors influencing the activity, selectivity, and robustness
of the formate-driven photoenzymatic reaction system.
Increasing the concentration of formate had a positive effect
on the reaction rate, selectivity, and robustness of the overall
system (Figure 3). Hence, we concluded that the photo-
Figure 3. Influence of the formate concentration on the performance of the photoenzymatic hydroxylation of ethylbenzene. (A) Time course of
(R)-1-phenyl ethanol formation and (B) time course of acetophenone formation. From these time courses, parameters such as reaction rate (C),
rAaeUPO inactivation rate (D), maximal product concentration (E), and selectivity (F) were calculated. [HCO2
−] = 0 mM (black), 50 mM
(green), 100 mM (red), 250 mM (blue) or 500 mM (purple). General conditions: [rAaeUPO] = 100 nM, [ethylbenzene] = 50 mM, [g-C3N4] = 5
mg mL−1, KPi buffer pH 7.0 (100 mM), 30 °C, magnetic stirring at 600 rpm, illumination by an Osram 200W light bulb. Reactions were performed
in independent duplicates.
ACS Catalysis Research Article
DOI: 10.1021/acscatal.9b01341
ACS Catal. 2019, 9, 7409−7417
7411
catalytic oxidation of formate is the overall rate-limiting step in
the reaction scheme.
The concentration of the biocatalyst also had a significant
influence on the robustness of the overall reaction but hardly
influenced the initial product formation rate (Figure 4). This
supports our assumption that the photocatalytic H2O2
formation was rate-limiting and that undesired rAaeUPO-
inactivation by the photocatalyst represented the major
undesired side reaction. Incubation of g-C3N4 with rAaeUPO
in the darkness did not result in a significant inactivation of the
biocatalyst (Figure S10), suggesting that photocatalytically
generated reactive oxygen species are responsible for the
enzyme inactivation observed (vide infra).
Next, we systematically varied the concentration of the
photocatalyst (Figure 5). Very much to our surprise, the
anticipated positive correlation between g-C3N4 concentration
and H2O2 formation rate was less pronounced than expected.
Moreover, rAaeUPO inactivation even decreased at higher g-
C3N4 concentrations.
The most likely explanation for this observation is a self-
shading effect of g-C3N4 (already at a photocatalyst
concentration of 1 mg mL−1, the reaction mixture was turbid).
Hence, because of a decreased light penetration at elevated
photocatalyst concentrations, the majority of the photocatalyst
remains inactive neither contributing to H2O2 generation nor
to inactivating the biocatalyst.
The overall rate of the reaction was highest at neutral to
slightly alkaline pH values (Figure S6). Currently, we are
lacking a plausible explanation for this observation as the H2O2
generation rate of g-C3N4 was reported to be largely pH-
independent,53 whereas the highest activity of rAaeUPO may
be expected in slightly acidic media.39 Similar trends have been
observed before for TiO2,
54 suggesting that the pH-depend-
ency of the complex O2-reduction mechanism may play an
important role here.54
Also the morphology of the g-C3N4 catalyst had a significant
influence on the overall reaction rate as well as the rAaeUPO
inactivation rate. The form of g-C3N4 used so far are the so-
called g-C3N4 sheets, obtained from calcination of urea.
55
Further thermal treatment process leads to so-called
amorphous g-C3N4, exhibiting a higher surface area.
56 A
preparation with lower specific surface area (bulk g-C3N4) was
obtained by starting the synthesis from melamine instead of
urea (Figure S1). In line with our previous observations that
the photocatalytic H2O2 generation is overall rate-limiting, we
also observed a correlation between surface area and overall
reaction rate (Figure 6). The same, however, was also true for
the inactivation rate of rAaeUPO, which increased with
increasing surface area.
To evaluate the synthetic potential of the proposed
photoenzymatic oxyfunctionalization system, we performed
the reaction at semipreparative scale (Figure S7). To
compensate for the high volatility of the starting material
Figure 4. Influence of the rAaeUPO concentration on the performance of the photoenzymatic hydroxylation of ethylbenzene. A: time course of
(R)-1-phenyl ethanol formation and B: time course of acetophenone formation. From these time courses, parameters such as reaction rate (C),
rAaeUPO inactivation rate (D), maximal product concentration (E) and selectivity (F) were calculated. [rAaeUPO] = 20 nM (black), 50 nM (red),
100 nM (blue), 200 nM (green) or 500 nM (purple). General conditions: [NaHCO2] = 250 mM, [ethylbenzene] = 50 mM, [g-C3N4] = 5 mg
mL−1, KPi buffer pH 7.0 (100 mM), 30 °C, magnetic stirring at 600 rpm, illumination by an Osram 200W light bulb. Reactions were performed in
independent duplicates.
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and the inactivation of the biocatalyst, both were replenished at
intervals (see SI for details of the experimental procedure). In
this experiment, 16.9 mM of essentially pure (97.8% ee) (R)-1-
phenyl ethanol accumulated in the reaction mixture. From this,
42 mg of the desired product was isolated. Admittedly, this is
not yet a practical protocol for the synthesis of (R)-1-phenyl
ethanol. Especially, the high volatility of the reagents caused
significant losses in the mass balance, which will have to be
addressed in future, via improved experimental setups
(circumventing the evaporation issue). Nevertheless, a
respectable turnover number of more than 21 000 for the
biocatalyst was obtained in this experiment.
The major bottleneck of the current system is its poor
robustness; generally within 24 h, accumulation of (R)-1-
phenyl ethanol ceased, which we attribute to the inactivation of
the biocatalyst. As mentioned above, hydroxyl radicals may be
assumed to be the primary products of g-C3N4-catalyzed water
photo-oxidations. Indeed, using the spin trap method,57 we
could confirm the occurrence of hydroxyl radicals (Figure 7).
The short lifetime of ·OH in aqueous media58 suggests their
predominant occurrence at the photocatalyst surface. We
therefore also investigated whether g-C3N4 showed a tendency
to absorb the biocatalyst. Indeed, we found that rAaeUPO and
other proteins absorbed significantly to the polar surface of g-
C3N4 (Figure 7).
59 Here they are exposed to locally high
concentrations of hydroxyl radicals, which sufficiently explains
the rather poor robustness of the photoenzymatic reactions so
far. As mentioned above, the absorption per se did not result in
inactivation of rAaeUPO (Figure S10).
We hypothesized that spatial separation of rAaeUPO from
the photocatalyst may enhance the stability of the enzyme
under reaction conditions. Therefore, we tested this hypothesis
by placing rAaeUPO into a dialysis bag, thereby preventing its
direct contact with the photocatalyst (Figure 8). Here, the
UPO and g-C3N4 are contained, while both ethylbenzene as
H2O2 could pass the membrane.
To our delight, physically separating the biocatalyst from the
photocatalyst had the desired effect of stable product
accumulation for more than 4 days. Compared with the
previous experiments, this corresponds to an improvement by
more than 4 times. However, this improvement came at the
expense of a significantly decreased reaction rate, which is most
likely to be attributed to diffusion limitations for the substrates
over the dialysis membrane (Figure S4).
Overall, in this contribution we have expanded the scope of
photoenzymatic oxyfunctionalization reactions to a broader
range of heterogeneous photocatalysts. g-C3N4 appeared to be
a good alternative to the established TiO2-based photo-
catalysts. Total turnover numbers of over 60.000 have been
achieved for the rAaeUPO. The major limitations identified in
this study were (1) the relatively low specific H2O2-generation
rate of the photocatalysts and (2) the undesired inactivation of
the biocatalysts at the photocatalyst surface. The first limitation
can be addressed by further optimizing the catalyst and light
Figure 5. Influence of the g-C3N4 concentration on the performance of the photoenzymatic hydroxylation of ethylbenzene. (A) Time course of
(R)-1-phenyl ethanol formation and (B) time course of acetophenone formation. From these time courses, parameters such as reaction rate (C),
rAaeUPO inactivation rate (D), maximal product concentration (E) and selectivity (F) were calculated. [g-C3N4] = 1 mg mL
−1 (black), 2.5 mg
mL−1 (red), 5 mg mL−1 (blue), 10 mg mL−1 (green), or 15 mg mL−1 (purple). General conditions: [NaHCO2] = 250 mM, [ethylbenzene] = 50
mM, [rAaeUPO] = 100 nM, KPi buffer pH 7.0 (100 mM), 30 °C, magnetic stirring at 600 rpm, illumination by an Osram 200W light bulb.
Reactions were performed in independent duplicates.
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intensity. The catalyst can be improved by chemically
modifying the g-C3N4 (e.g., doping with donor- or acceptor-
type dopants may be successful).60 Some preliminary results
using KOH-61 or Co2O3-modified
62 g-C3N4 indeed demon-
strated that doping can significantly influence the H2O2-
generation activity. Further systematic studies will validate this
approach.
The second limitation (i.e., the oxidative inactivation of the
biocatalyst by surface-borne reactive oxygen species) can be
alleviated by physical separation. To circumvent the massive
diffusion limitations observed in this double-heterogeneous
Figure 6. Influence of g-C3N4 morphology on the photoenzymatic hydroxylation of ethylbenzene. (A) Time course of (R)-1-phenyl ethanol
formation and (B) time course of acetophenone formation. From these time courses, parameters such as reaction rate (C), rAaeUPO inactivation
rate (D), maximal product concentration (E), and selectivity (F) were calculated. Amorphous g-C3N4(black), g-C3N4 sheets (red), or g-C3N4 bulk
(green). Reaction conditions: [NaHCO2] = 250 mM, [ethylbenzene] = 50 mM, [g-C3N4] = 5 mg mL
−1, [rAaeUPO] = 100 nM, KPi buffer pH 7.0
(100 mM), 30 °C, magnetic stirring at 600 rpm, illumination by an Osram 200W light bulb. Reactions were performed in independent duplicates.
Figure 7. Investigating the molecular reasons for the decreased rAaeUPO-stability under process conditions. (A) Detection of hydroxyl radicals
formed by irradiated g-C3N4 using the spin-trap method. Signals marked with a star (★) are assigned to the oxidation product of DMPO, 5,5-
dimethyl-2-oxopyrroline-1-oxyl (DMPOX). Signals marked with diamonds (◆) belong to the spin adduct DMPO−OH. (B) Protein in solution
before (blue) or after (red) incubation with g-C3N4 in the dark, for bovine serum albumin (BSA) or rAaeUPO.
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reaction system, a linear plug-flow reactor concept may prove
to be beneficial.
■ EXPERIMENTAL SECTION
Catalysts Preparation. rAaeUPO was produced by
heterologous expression in Pichia pastoris performed following
a previously reported procedure.38
g-C3N4 was synthesized either from urea or melamine as
starting compound by heating it up in a furnace to 550 °C
(heat ramp: 5 °C min−1). In a typical procedure, from 10 g of
urea, approximately 0.5 g of g-C3N4 sheets was obtained,
whereas from 10 g of melamine, approximately 2 g of g-C3N4
bulk was obtained. Amorphous g-C3N4 was synthesized by
further calcination of g-C3N4 sheets to 620 °C under an inert
argon atmosphere.63
All other photocatalysts were either commercially available
or prepared following literature procedures.
Reaction Setup. Unless stated differently, reactions were
performed in 4 mL glass vials. Two milliliter reaction mixtures
were stirred at 600 rpm using a small stirring magnet (6 mm).
The vials were placed around an incandescent white light bulb
(Osram, 205W Halolux Ceram) at a distance of approximately
1 cm. The water bath was continuously cooled at 30 °C.
Reaction mixtures generally contained 5 mg mL−1 g-C3N4, 100
nM rAaeUPO, and 50 mM ethylbenzene in a 100 mM KPi
buffer at pH 7.0. Sacrificial electron donors were added to a
concentration of 250 mM. Before use, the g-C3N4 was
dispersed via sonication in 1 mL of the phosphate buffer.
Samples were taken using a syringe and needle, keeping the
reactors closed and preventing evaporation of the ethyl-
benzene. The reaction mixture (200 μL) was taken and
extracted with an aliquot of ethyl acetate containing 5 mM
octanol as internal standard. The mixtures were intensively
mixed for 10 s, centrifuged for 2 min, and the organic phase
was dried over magnesium sulfate and subsequently analyzed
via achiral CG chromatography (CP-WAX 52 CB). Optical
purities were determined using chiral GC (CP-Chirasil-Dex
CB).
Scale-Up Reaction. A 24 mL reaction, divided over 2 mL
samples, was illuminated 80 h for increased product titers. The
reaction was performed at 30 °C in a KPi buffer (100 mM, pH
7.0) containing ethylbenzene (50 mM), g-C3N4 (5 mg mL
−1),
rAaeUPO (100 nM), and sodium formate (250 mM).
rAaeUPO (100 nM) was added to the reaction every 12 h,
and the ethylbenzene was replenished by adding 50 mM extra
substrate after 36 h. At the end of the reaction, the compound
was extracted with ethyl acetate, dried with MgSO4, and
purified under reduced pressure at room temperature, also
evaporating remaining substrate. The purity of the product was
determined by 1H NMR, while optical purity was determined
using chiral GC (CP-Chirasil-Dex CB). NMR spectra were
recorded on an Agilent 400 spectrometer in CDCl3. Chemical
shifts are given in ppm with respect to tetramethylsilane.
Coupling constants are reported as J-values in Hz (s: singlet. d:
doublet. t: triplet. q: quartet. m: multiplet. br: broad). 1H
NMR (400 MHz, CDCl3) δ 7.40−7.26 (m, 5H), 4.91 (q, J =
6.5 Hz, 1H), 1.82 (br s, 1H, −OH), 1.51 (d, J = 6.4 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ 128.5, 127.5, 125.4, 70.4,
25.10.
Data Manipulation. As the reaction rate, the initial
formation rate of phenyl ethanol was taken, considering at least
three data points. To estimate the enzyme deactivation rate,
the following formula was used:
= [ ]UPO deactivation rate UPO
reaction time
0
With:
= [ ]reaction time max phenylethanol
reaction rate
The reaction selectivity was calculated by dividing the
maximum amount of phenyl ethanol reached by the total
amount of product formed in that same point in time.
= [ ]
[ ] + [ ]
selectivity
max phenylethanol
max phenylethanol acetophenone t
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(4) Martínez, A. T.; Ruiz-Dueñas, F. J.; Camarero, S.; Serrano, A.;
Linde, D.; Lund, H.; Vind, J.; Tovborg, M.; Herold-Majumdar, O. M.;
Hofrichter, M.; Liers, C.; Ullrich, R.; Scheibner, K.; Sannia, G.;
Piscitelli, A.; Pezzella, C.; Sener, M. E.; Kılıc,̧ S.; van Berkel, W. J. H.;
Guallar, V.; Lucas, M. F.; Zuhse, R.; Ludwig, R.; Hollmann, F.;
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(33) Seel, C. J.; Kraĺík, A.; Hacker, M.; Frank, A.; König, B.; Gulder,
T. Atom-Economic Electron Donors for Photobiocatalytic Halogen-
ations. ChemCatChem 2018, 10, 3960−3963.
(34) Schmermund, L.; Jurkas,̌ V.; Özgen, F. F.; Barone, G. D.;
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